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ABSTRACT

The rapids of the Colorado River in the Grand Canyon occur where debris
fans constrict the width of the river and elevate the bed, causing
supercritical flow and standing waves. The geometry of the channel and
the nature of the bed material in it at the rapids have not been
documented, and the hydraulic structures in the rapids have never been
described. The objective of this project was to obtain data on the
channel, and to provide hydraulic descriptions and interpretation of the
rapids.

Channel configuration and river hydraulics were studied at twelve of the
largest rapids: House Rock, 24.5-Mile, Hance, Cremation, Bright Angel,
Horn Creek, Granite, Hermit, Crystal, Deubendorff, Lava Falls, and
209-Mile Rapids. The products of this research consist of this report
and analysis; a video cassette showing the major hydraulic features at
ten of these rapids (U. S. Geological Survey Open-File Report 86-503);
and ten hydraulic maps of the rapids (U.S. Geological Survey I-Map 1897
A-J). The hydraulic maps show the standing wave structures in the
rapids on detailed topographic bases of the river channel for discharges
of 5,000 cubic feet per second (cfs) and 30,000 cfs and, where data were
available, for 92,000 cfs. At each rapid, floats were launched. From
their trajectories, streamlines have been plotted on the hydraulic maps
and float velocities in different parts of the rapid have been
determined. Accelerations of water from the backwaters (where
velocities are typically 0.5 m/s) to velocities , u, as high as 7.5 m/s
in the constrictions, and decelerations back to about 4-5 m/s into the
jet that emerges into the channel below the rapid have been measured.
Typical depths, D, in these same reaches at 5,000 cfs discharge are:
10 m in the backwater; 5 m in the convergent reach; 1 m in the
constriction; and 5-10 m in the divergent reach. The velocities and
depths indicate Froude numbers [Fr=u/(gD)1/2, where g 1is the
acceleration of gravity] of less than than 0.1 in the backwaters; a
Froude number of about unity in the converging flow; of nearly 2 in the
constriction; and of order unity in the jet emerging into the diverging
section. The flow is therefore supercritical in the constrictions. The
standing waves in the rapids are stable features in supercritical
flow. Their strength changes with discharge, although their position is
typically stable because of the presence of 1large rocks that are
assoclated with the waves.

Large debris flows from tributaries change the position and strength of
the waves because such flows change the constriction of the channel
(both laterally and vertically) and, therefore, change the nature of the
supercritical flow. Debris flows from the tributary canyons are
episodically narrowing the river channel at the rapids; and the Colorado
River clears the channel depending on the competance of the flow at
different discharges. A study of the boulder size distributions in the
channel suggests that boulders of 1-2 m diameter can be moved in the
main channel by discharges typical of the power plant discharges at Glen
Canyon Dam (a few thousand to 30,000 cfs). However, the pre-dam
geometry of the river channel in the vicinity of the rapids was carved
by large floods, comparable to or larger than natural mean annual floods
that occurred in the Canyon prior to closure of Glen Canyon Dam (order

i1



of magnitude 100,000 to 400,000 cfs). The rapids should be considered
in operating criteria for Glen Canyon dam for the following factors:
navigability (large rafts cannot navigate some rapids at the extremely
low discharges proposed in some scenarios); safety (affected by both
discharge and, possibly, by rate of change of discharge); and geologic
impact (high discharges can substantially erode the channel of the
Colorado River where it has been altered by tributary debris flows since
the construction of the dam or since the last high discharges).
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1. INTRODUCTION: THE RAPIDS' AND WAVES OF THE COLORADO RIVER,
GRAND CANYON, ARIZONA

Look, look, it's waving to us with a wave
to let us know it hears me.

The black stream, catching on a sunken rock,
Flung backward on itself in ome white wave,
And the white water rode the black forever,
Not gaining but not losing.

That wave's been standing off this jut of shore
Ever since rivers, I was going to say,
Were made in heaven.

e ee

Speaking of contraries, see how the brook
In that white wave runs counter to itself.

LI

It is thie backward motion towarde the source, ,
Against the stream, that most we eee ourselves in,
The tribute of the current to the source.

(Robert Frost, "West Running Brook" , applied to
hydraulice by Lighthill, 1978, p. 261)

Each rapid of the Colorado River is unique, but the major rapids have
many hydraulic features in common. In this paper I describe the general
features of twelve of the major rapids of the river in the Grand Canyon

1 The use of the words "rapid" and “rapids" to indicate "part(s) of a river where the bed
forms a steep descent, causing a swift current" is complex. The Cowpact Edition of the
Uxford English Dictionary (1971) says that the word is usually used in the plural; the
UsSe Geologlical Survey has foliowed this convention on topographic maps, e.ge, Crystal
Rapidse However, of the examples cited in the Uxford dictionary (p. 2410), the two in
which the plural form (rapids) is used indicate muitiple stretches of rough water, e.ge,
"through all the rapids" and "fthrough twenty seven rapids"., The other two examples cited
use the singuliar, e.ye., "we descend the rapid", and "in such a shaliow rapid". Therefore,
for clarity, in this paper, the singular form is used in descriptions of one continuous
stretch of rough water, and the piural term is used when generalizations to many such
stretches are being presented. However, conformity to U.S. Geoloyical Survey nomencliature
requires that the plural form be used for the proper name of a rapid, e.ye, Crystal
Rapidse



(Figure 1), and address the following hydraulic and geomorphic problems
posed by the amazing similarity and, simultaneously, individuality of
the rapids:

(1) Peatures: What are the common geomorphic and hydraulic features of
rapids? (Section IV-1) :

(2) Location: Most rapids occur where debris from tributary canyons has
constricted the course of the Colorado River. Why are the tributaries
and debris fans located where they are? (Section IV-2)

(3) Chamnel geometry and hydraulic structures: The gradient of the water
surface through the rapids is much steeper than the average gradient of
the water surface on the Colorado River in the Grand Canyon. What is
the relation of the water surface profile to the channel profile? What
do the flow streamlines look like? What are the water velocities in the
rapids? What do the waves look like, and where do they occur? (Section
IvV-3, and hydraulic maps)

(4) Hydraulic parameters in pools and rapids: What are the
characteristic Reynolds and Froude numbers along the river?
(Section IV-4)

(5) A generalized hydraulic model for rapids: How does the constriction
caused by a debris fan affect the flow of the river? What features are
stable? Can features in a rapid be related to features identified and
understood in simple laboratory flume flow? (Section IV-5)

(6) Pools and backwaters: What causes the pools above the rapids?
(Section IV-6)

(7) The tongue and lateral waves: Water accelerates into the rapids
through a chute of smooth water (the "tongue"). This tongue is bounded
by oblique waves (the "laterals"). There are often non-breaking waves
on the tongue ("rollers"). Why do all rapids have tongues? What are
the rollers? What determines the angle of the 1laterals to the
shoreline? How does this angle change with discharge? (Section IV-7)

(8) The breaking waves: A series of breaking waves exists below the
tongue ( haystacks', "V-waves"). What causes these waves?
(Section IV-8)

(9) Tailwaves and eddies: Large eddies typically exist on one or both
sides of the river below a rapid. What is the relation between the main
current and the eddies typically found above and below rapids?
(Section IV-9)

(10) The minor effects, e.g., curvature of the river: The river often
curves into and/or out of a rapid. Why? What is the influence of this
curvature on the flow? (Section IV-10Q)

(11) Laxge rocks in the rapids: There are typically large boulders in




the main channel, and are often large waves assoclated with the rocks.
How 1s the flow affected by the rocks, and by their position in the
channel? How is it affected by different discharges? (Section 1IV-11)

(12) Movement of the boulders and contouring of the channel: Under what
conditions can the boulders in a rapid be moved by the flow? How does
the channel of the river change shape 1in response to changing
discharges? (Section IV-12)

(13) Rapids and rock gardens: There are often rock gardens or cobble
bars below the rapids. How do these form? (Section IV-13)
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INDEX MAP SHOWING LOCATION OF RAPIDS

Figure 1. Index map showing the location of the major raplds studiede Of the twelve
raplds indicated, ten were studled In detall for hydraulic mappinge 209-M{{e Raplds
was studled only as a toplcal example of rlver curvature, and Cremation and Bright
Angel Raplds were combined Into one map. The hydraulic maps of the raplds indicated
by dots will be published as U.S. Geologlical Survey Miscellaneous Investigations Maps
1-1897, A-J (no hydraullc map was made of 209-Mile Raplds).



I1. OBJECTIVE:

Work on the Colorado River by Howard and Dolan (1976), related work by
Graf (1980) on similar rivers, and preliminary work done at Crystal
Rapids by Kieffer in 1983 (Kieffer 1985, attached as Appendix A) has
demonstrated that the rapids have changed since Glen Canyon Dam was
closed. Data on the shape of the river channel and the material that
lines it have not been available and are needed before response of the
rapids to discharges through the dam can be predicted. The objective of
this study was to obtain data on the configuration of the channel of the
Colorado River in the vicinity of the rapids, on the nature of the
material forming the channel bed and walls, and on the hydraulics of the
river in the rapids. A brief statement of the more detailed objectives
contained in Interagency Agreement No. 6-AA-40-04190 (FY'-86), its
amendment in FY’-87, and status report as of the date of submission of
this report 1is given in Appendix B. This work is part of the Glen
Canyon Environmental Studies of the Bureau of Reclamation; related
reports of these studies are cited herein as GCES (1987).

I11. METHODS

Twelve major rapids were selected for study: House Rock, 24.5-Mile,
Hance, Cremation, Bright Angel, Horn Creek, Granite, Hermit, Crystal,
Deubendorff, Lava, and 209-Mile Rapids. These rapids are amongst the
largest on the river, and are of interest for hydraulic, sediment
transport, beach stability, and recreational safety studies.

Two river trips of 16-18 days duration were conducted in October and
November, 1985, for the purposes of: (a) filming time-lapse photography
of the rapids as discharge varied during fluctuating flow from about
7000 cfs to about 20,000 cfs; (b) surveying in control points to provide
data for comstruction of topographic maps by cartographic methods;
(c) recording fathometer data across the channel above the rapids for
determination of the specific head of the flow in the rapids;
(d) launching and filming the trajectories of floats through the rapids
for analysis of streamlines and velocity; and (e) obtaining preliminary
data on the size distribution of the large boulders lining the channel
of the river. 209-Mile Rapids was not studied in detail, but was
selected for topical studies of the single hole formed by a rock fall
about a decade ago and of the extreme curvature of the river at the
rapid. Cremation Rapids and Bright Angel Rapids? are treated as a

2
As of this writing, neither Cremation Rapids nor Bright Ange! Rapids are officiat place

names. The name "Bright Angel Raplds" hereln means the rapid extending westward from the
Kalbab trail bridge that crosses the Colorado River at Bright Ange! Creek. The name
"Crematlon Rapids™ hereln means the first (small) rapid upstream from this bridge (it Is a
few hundred meters upstream from the beach popularly known as "Roy's Beach® during the

GCES studles, and is formed by the debrls fan on the south wall of the Canyon known as
"Cremation Camp").



single rapid because of their proximity. Therefore, ten rapids were
studied in detail and hydraulic maps were prepared for these ten (U.S.
Geological Survey Miscellaneous Investigations Maps I-1897 A-J,
hereafter referred to simply as 1I-1897). Because travel time between
the rapids is substantial, even in a motor boat, the average time spent
at each of the ten rapids was two days.

In the interest of simplicity, the text of this paper presents hydraulic
and geomorphic generalizations, some of which may not be strictly valid
at a particular rapid. The purpose is to summarize the data obtained
and to present a framework within which detailed studies can be done on
a rapid of interest (e.g., a particular rapid might be especially
important feor hydrologic monitoring as is Bright Angel Rapids; rafting
management, as are Crystal and Lava Falls Rapids; or camping beach
stability, as are Hance, Hermit, and Granite Rapids).

IV. RESULTS AND DISCUSSION:

The questions posed in the Introduction (Section 1) are discussed
sequentially here.

1. Common Hydraulic and Geomorphic Features of the Rapids

Features found at most rapids are identified on the air photos of
Granite Rapids shown in Figures 2a, b, and c, and can be found on the
photographs of other rapids referred to throughout the text
(particularly Figures 3,4 and 5). Where possible, the photographs have
been printed at the same scale, approximately 1:3000.

Rapids typically form where a debris fan from a tributary canyon
constricts the Colorado River. These tributary canyons often have
formed along regional faults or joints. 1In the converging portion of
the river channel, standing waves (laterals) bound a tongue of smooth,
accelerating water, upon which may stand smooth, undulating, nonbreaking
waves (rollers). In the diverging portion of the river channel, criss-
crossing, lateral waves typically intersect to give high-amplitude
breaking waves (haystacks).

Obstacles in the bed of the channel (rocks, bedrock protrusions) also
cause waves (holes, curlers, rooster combs, sculpted waves) Some types
of these waves are illustrated in Figures 6, 7, and 8. In this report,
the following meanings are attached to these words:

Lateral: A wave standing oblique to the current near the top of a
rapid, usually emanating from shore.



Tongue: Smooth water between the first two strong lateral waves (right
and left) at the top of a rapid.

Roller: A wave that stands oblique to the current and breaks back onto
the current; the term nonbreaking roller is used to indicate the smooth
rolling waves often found on the tongue.

Eddy fence: The shear zone between two currents with different velocity
magnitudes or directions. An eddy fence wusually does not have
measureable relief on the water surface, but at high discharges, waves
up to 10’ high have been observed on eddy fences (e.g., the Slate Creek
eddy fence at Crystal Rapids).

Pourover: A zone where water "pours over" an obstacle, obtaining a
large downward component of velocity.

Hole: A trough in a standing wave, usually deep.

Runout: A zone of standing, generally nonbreaking (or weakly breaking),
waves at the bottom of a rapid.

Haystack: A pyramidal wave (shaped like a haystack) usually breaking on
top and sending spray in all directions (e.g., the fourth and fifth
waves at Hermit Rapids).

Rooster comb: A haystack elongated in the downstream direction.

V-wave: The composite wave formed when opposing laterals intersect.
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2. Location of the Rapids

Description of the Colorado River and its rapids began with exploration
of the Grand Canyon by Powell (1875). The survey of the river by the
Birdseye (1923) expedition established quantitatively that the descent
of the river through the Grand Canyon occurs in a series of steps--the
rapids. :

In 1965, measurements of depth and velocity were again made along the
river (Leopold 1969), and some measurements of velocity were obtained.
Although these measurements were made after closure of Glen Canyon Dam
in 1963, they were taken prior to closure of the bypass tunnels, and the
river was flowing at the moderately high level of 48,500 cfs at the time
of the measurements. At this discharge, median values of river width
and depth were 220 ft (670 m) and 40 ft (12 m), respectively. Leopold
noted that the river flows in alternating sections of long smooth deep
pools and short steep shallow rapids. The water-surface gradient in the
pools measured at 48,500 cfs was less than 0.002, and typically was of
the order of 0.0005. 1In the rapids the gradient ranged between 0.005
and 0.017. Most (more than 80%) of the 2,200 (67 m) foot drop in
elevation that occurs over the 280 miles of the river occurs in the
individuval rapids, and 50% of the elevation change takes place in only
9% of the distance. A typical velocity "above the rapids" was found to
be 7 ft/s (3.3 m/s), and in the rapids, 11 ft/s (2 w/s).3

The channel of the river can be divided into stretches with different
geomorphic or hydraulic characteristics (Howard and Dolan, 1981), and
the severity of the rapids depends, in a general way, on these
characteristics:

(1) a wide valley with a freely meandering channel (e.g., miles
67-70 near Tanner Rapids);

(2) valleys of intermediate width with tributary fan deposits (in
these valleys, the river has wusually cut 1into soft sandstones or
limestones, e.g., the few miles just downstream of the Little Colorado
River);

(3) narrow valleys in fractured igneous and metamorphic rocks
(e.g., "Granite Narrows" through miles 77/-112);

(4) narrow valleys of roughly uniform width and few comstrictions
in massive Muav limestone (e.g., miles 140-165);

3 Any description of a rapld should Inciude a specification of the discharge at which the

description applies because the stage of the river, the nature of the bed, and the
structure of the waves change with discharge. Leopold (1969, p. 142) showed that
discharge is accomodated by both increase in stage and by scouring of the river bed (at
Lee's Ferry, for example, as the discharge increased from 10,000 cfs to 92,000 cfs In
1948, the water elevation rose 11 ft (3.5 m) and the bed scoured 16 ft (5 m)).



16

(5) nearly flat stretches where the channel bottom is sandy
(e.g., miles 1-10, and parts of Marble Canyon).

In all of these stretches, rapids gemerally occur where tributary side
canyons join the Grand Canyon.* The tributary side canyons generally
occur along regional faults or joints, and thus the distribution of the
rapids 1is dependent on the regional tectonics (Dolan, Howard and
Trimble, 1978, see also Figure 2a of this report). Bright Angel Creek
(shown in Figure 3), for example, lies along the major Bright Angel
fault. The side canyons are much steeper than the main canyon. This
relatively steeper gradient permits delivery to the main channel of
boulders that are too large for the main stem to move - even under
inferred large natural floods (Graf, 1979). The tributary deposits.
therefore constrict the river on a large scale, and on a smaller scale,
contain individual boulders that can be formidable obstacles in the path
of the river, The relation between zones of structural weakness,
tributary streams, debris fans, and rapids is well illustrated at
Monument Creek where Granite Rapids has been formed (Figure 2).
Repeated floods (the most recent in 1984) have poured down Monument
Creek, building a debris fan that has pushed the Colorado River against
the north wall of its channel. Debris fans form on at least one bank of
the Colorado River where tributary streams enter (Howard and Dolan,
1981). Because many tributaries follow zones of structural weakness, it
is not uncommon for tributaries to enter the Grand Canyon on both sides
of the river at a given location. In such cases, if meteorologic and
drainage conditions are conducive, debris fans may be formed by both
tributaries. The size of the fans depends on the frequency and
magnitude of floods in each drainage, on the drainage gradient (see
Webb, GCES, 1987), and on the nature of the material in the contributing
drainage. The river then erodes through the weaker debris fan, or even
through the bedrock wall if the wall is more erodible than the debirs
fan. This process can result in the formation of a pronounced meander,
and many rapids occur on curves of the river.

3. Channel Geometry and Bydraulic Structures

The topography of the channel in the vicinity of the rapids and the
standing wave features of the rapids are portrayed on ten hydraulic maps
of the rapids (U.S. Geological Survey Miscellaneous Investigations Maps
I-1897, parts A-J). Each map contains: (a) a description of the rapid
shown; (b) topographic contours of the channel; (c) hydraulic
information at two or more discharges, (d) water surface elevations at
different discharges (i.e., rating curves and water surface profiles);
(e) velocity and streamline data at one or two discharges; and (f)
approximately five channel cross sections. These data for House Rock
Rapids, and preliminary maps and velocity and streamline data for
Crystal, Horn Creek and Lava Falls Rapids are shown in Figures 9-13.

Talus deposlts and rock falls are a minor cause of rapids and will not be discussed
here.
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The topographic maps were prepared from 1984 stereo photographs taken by
the Bureau of Reclamation when the water discharge was 5,000 cfs (Fig-
ures 2a, 3, 5, 19a, and 27a are such photographs). The drop of the
water surface through the rapids at this discharge 1s shown on the maps;
an example 1s shown in Figures 9 and 10c. Description of the techniques
used to construct the maps is given in Appendix C. Streamlines and
velocities in the rapids were measured by techniques described in
Appendix D. Examples of the streamlines and velocity measurements are
shown in Figure 10d, and in Figures 12 and 13. The channel configuration
under the water could not be measured by analytical mapping
techniques. Some fathometer data were obtained to supplement the
topographic data shown on the maps (Figure 14). The data were obtained
at dramatically different discharges, and, because the rating curves at
the 1individual rapids are not well known, may never be precisely
correctable to a fixed discharge, e.g., 5,000 cfs. The fathometer data
have been incorporated semiquantitatively into the cross sections, e.g.,
as shown for House Rock Rapids in Figure 11. In spite of the
limitations of the fathometer data, enough data on the channel
configuration have been obtained for discussion of the hydraulic
parameters in different parts of the rapids.

CRYSTAL
RAPID

Nz
O 10 20 30 40 SOMETERS
—_

CONTOUR INTERVAL  METER (WITH O.S METER SUPPLEMENTALS)

Figure 9. Topographic map of Crystal Rapids and Its debrls fan, This prelimlinary map has
been extended about 50§ further downstream; a final version will appear in the 1-1897

maps referenced In the text. Topography In Figures 9-13 prepared from Bureau of
Reclamation photographs flown In 1984,
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4. Hydraulic Parameters in Pools and Rapids In both map view (e.g., as
in the air photo in Figure 2) and in cross section (as indicated in Fig-
ure 14 by the fathometer tracings, and in more detail in Figure 11 for
House Rock Rapids) the channel of the Colorado River is constricted at
the rapids. The constrictions are caused by the debris flows from the
side canyons. The debris flows narrow the canyon laterally and elevate
the bed. The shape and the hydraulic characteristics have given rise to
the so-called "pool-rapid" sequence of the Colorado River.

Above a rapid the river 1is typically wide, relatively deep, and
tranquil. 1 reserve the term "pool" for such sections of the river® and
will demonstrate below that at most discharges the pool 1is a hydraulic
backwater. Cross section V-V’ 1in Figure 11 shows a typical pool
(upstream of House Rock Rapids). The water velocity is slow (about
0.4 m/s) and the water is relatively deep. The channel bottom is, on
the average, at 909 m elevation in this particular pool.

At the downstream end of the pool, water accelerates gradually toward
the constriction. Cross section W-W’ at House Rock (Figure 11b) shows
that the water has accelerated slightly to 0.5 m/s. This same cross
section is deeper than V-V’, with the channel bottom lowered to at least
906 and, in one place, to 905 m. In this region the channel bottom may
change from sand (at the higher elevation) to bedrock or very coarse
cobbles or boulders. The "rapid" itself is narrow and shallow, and the
flow is fast (cross sections X-X’ and Y-Y’ in Figure 11. Depths of only
one or two meters are common (at the discharge of 5,000 cfs shown in the
illustrations) and float velocities up to 8 m/s have been measured at
this discharge. 1In the case of House Rock Rapids, the channel bottom
appears to have risen from 905 m at the upstream hole at W-W’ toward an
elevation of 909 m. It is probably not coincidence that this is the
same elevation found further wupstream at V-V’, but the hydraulic
explanation for this is not yet clear.

Below the rapid 1is a deep zome in which the flow is still relatively
fast compared to the '"pool" upstream of the rapid. For example, the
velocity in the jet that emerges from House Rock Rapids is about
4.5 m/s. Gentle waves, known as the '"tailwaves" of the rapid, occur
within this region. Within the region of tailwaves, the channel bottom
drops back toward the depths seen wupstream of the rapids. Note,
however, that in the region of House Rock Rapids over which we have
accurate data (Figure 11), the channel bottom has not yet recovered the
lowest base level seen at W-W’ upstream of the rapids. The deep region
of the channel below a rapid is often referred to as a pool, but this
deep zone is more properly called a "scour hole" to emphasize that it is
associated with the relatively high-velocity runout from the rapid. It
is important to distinguish these higher-velocity stretches of the
river immediately below the rapids from the "pools" that are immediately
upstream of the rapids.

3 This use of the word "pool" is consistent with Leopold (1969, pe. 133).

%~
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Strong vertical motions occur in the water, particularly at the bottom
of rapids (Leopold 1969). The water drops in elevation through a rapid,
and Leopold (1969) proposed that continued vertical motion at the foot
of the rapid causes the deep hole to be scoured. He proposed that water
flows along the bed at the base of the rapid and then rises toward the
surface in groups of ‘turbulent boils that are characteristic of this
region. Some of these boils have as much as 1 ft (0.3 ft/s) of super-
elevation, indicating a vertical velocity of at least 8 ft/s (2 m/s).

The data from the hydraulic maps (e.g., figures 10, 12, 13, and
unpublished data on the other rapids) allow calculation of two important
hydraulic parameters in these the pools, rapids, and scour holes: the
Reynolds number, and the Froude number. These two dimensionless numbers
indicate the state of the flow: laminar vs. turbulent, and subcritical
ve. critical.

The Reynolds number, Re=uD/v (where u 1is a wvelocity, D 1is a
characteristic length, and v 1is the fluid wviscosity) indicates the
stability or instability of laminar flow. When this number is large
(>10°), flow is turbulent., The viscosity of water is 0.0l poise; a
typical minimum dimension of interest is depth, of order 1 m (10 cm).
Therefore, for all flow velocities above 10 cm/s the flow 1is fully
turbulent. The Reynolds number does not change appreciably from
backwater to rapids. Therefore, differences in wave behavior between
backwaters and rapids cannot be explained by differences in the Reynolds
number; the flow is fully turbulent everywhere.

The Froude number, Fr=u/(gD)1/2, is a measure of the relative importance
of kinetic and potential energies and the stability of standing waves.
There are dramatic changes in flow regime as the Froude number changes
from less than one to greater than 1. In a typical backwater,
w100 cm/s, D103 cm, so Frv0.1 (this would be a typical condition at
the Bright Angel gage station), and is found, for example, above House
Rock Rapids (Figure 11). 1In a rapid, on the other hand, u>500 cm/s (as
shown by the three figures 10, 12, 13), D<300 cm (Figure 11 and 14), so
Fr~l or Fr>l. In extreme cases, u~10® cm/s, D~102 cm, so Fr~3.

Consideration of the Reynolds and Froude numbers then suggests that the
dramatic change in flow regime from backwaters to rapids will be caused
by differences in the balances of kinetic and potential energy that
change the stability of standing waves in the channel. The general
principals that apply comprise the classic theory of open channel
hydraulics. This subject is briefly reviewed in the next section,
(which may be skipped by readers with a background in hydraulics and
supercritical flow).
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5. A Generalized Hydraulic Model for the Rapids

Although complex in detail, the flow of the Colorado River in its
channel can be interpreted to first order in terms of open-channel flow
principles. The river flows in a channel bounded on its sides and
bottom by walls (possibly erodible). The surface of the river is
unconfined, subject to atmospheric pressure. This free surface can
change shape in time and space. Depth, discharge, bottom slope, and free
surface slope are all interdependent--connected by mass, momentum, and
energy relations. Although the channel of the Colorado River is not
rectangular (except possibly where bounded by bedrock walls), the
discussion here is for the simple case of .a rectangular channel for
simplicity.®

A schematic geometry of open-channel flow and of energy relations is
shown in Figure 15. The total energy ("head"), H, of water at any
level, A, in a cross section, 0, relative to an arbitrary level, called
the datum, is the sum of its potential energy and its kinetic energy:

H =2, + Djcos & + uAZ/Zg

z, is the elevation of point A above the datum; D, is the depth of point
A below the water surface; 6 is the bed slope angle; u, is the velocity;
g 1s the acceleration of gravity. ulf/Zg is the velocity head. It is
common practice to express all energies 1in terms of an elevation, in
dimensions of feet or meters.

The line representing the total head of the flow is the energy line; its
slope is the energy gradient, S:. The slope of the water surface is S
the slope of the channel bottom is So=tan 0 (SO + s5in 6 for small
slopes. In uniform flow, Sf=SW=SO=sin 6.

Energy must be conserved between any two cross sections of the flow
(Bernoulli’s principle):

z; + Djcos e + ulz/Zg = z, + D,cos 6 + u22/2g + hg

In this equation, the subscripts 1 and 2 represent the two different
cross sections in which energy is balanced. The left side of the
equation is the total energy at cross section l; the first three terms
of the right side give the total energy at cross section 2, and the last
term, hg, represents all energy losses (or gains) between the two cross
~ sectioms.

6 Excellent discussions of the followlng meterial can be found In Bakhmeteff (1932),
Ippen (1951), or Chow (1959),



27

(o ————

—~ \rgi”ne (H). Section O

e e G

.

«— this
report

Figure 15. Energy relations in open-channel flow (atter Chow, 1959, p. 39). See text for
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If the slope, 8, 1s small, cos 6 + 1. If energy losses are also small,
hfsu. The above equation then simplifies to the Bernoulli energy
equation:

z; + Dl + u12/2g =z, + D2 + 922/23 = constant
or
Hl = Hzo

The specific energy of the water is the energy with respect to the
channel bottom (zlczZ-O):

E = Dcos 8 +-u2/23.

If the specific energy is the same at two different sections (namely, if
hf-zz-zl), then,

Ey = E, = Dy + uy /2g D, + uy“2g

This equation demonstrates that changes in depth (D) (i.e., in potential
energy) cause changes in velocity (u) (i.e., in kinetic energy). From
continuity,

u = Q/A
where Q is the discharge, and A is cross-sectional area.
For a rectangular channel,

u = Q/Dw

where w is channel width, and D, A, and u become mean flow or channel

parameters. Then,
R T

For a given channel section (described by the single parameter w in a
rectangular channel model) and given discharge (Q), the specific energy
(E) is a function only of depth. Therefore, a graph of energy vs. depth
(an E-D graph) specifies the flow behavior completely (Figure 16). This
energy equation is cubic with two real roots, and therefore the energy-
depth (E-D) graph has two real branches. For a given specific energy,
E, there are two possible depths: a low stage, Dl’ and a high stage,
D,. For a given discharge (i.e., a specific curve in the E-D diagram),
there is a minimum specific energy, E., and only one flow depth, D.» and
one flow velocity, u_  possible. These are called the critical
conditions (critical state, critical depth, and critical velocity). 1If
the depth of flow 1is greater than the critical depth, the velocity is
less than the critical velocity-—for these conditions the flow is called
subcritical. If the depth of flow is less than the critical depth, the
velocity 1is greater than the critical velocity--the flow 1s called
supercritical.
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If the discharge changes, the specific energy changes, and the E-D
relation 1is therefore a different curve--of similar shape, but offset
from the original curve (see Figure 16). It can be shown that at the
critical state, the velocity head is equal to half of the depth:

2
u/2g = D./2
and
Dc = ZHC/3.

The existence or absence of waves in a flow field, and the form of the

- waves, depends on the state of the flow relative to the critical state,
described by the Froude number, Fr-u/(gD)I/Z, discussed in the previous
section. The Froude number is the ratio of mean flow velocity to
critical velocity which, in turn, depends on water depth. The critical
velocity 1is the velocity at which small disturbances in depth propagate
through the fluid by gravity waves.

The Froude number is the ratio of inertial to gravitational forces in
the flow. In subcritical flow, Fr<l; in critical flow, Fr=l; and in
supercritical flow, Frd>l. In subcritical flow the role of gravity
forces 1is more pronounced than the role of inertial forces: the flow
velocity 1is 1low (the words "tranquil" and "streaming" are used to
describe subcritical flow 1in some hydraulics literature). In
supercritical flow, on the other hand, inertial forces are dominant.
The flow has high velocity (the words 'rapid", '"shooting", or
"torrential" are used).

In subcritical flow, the velocity head is a small fraction of the
specific energy and so the total energy is well-approximated by the
potential energy. Changes in channel geometry cause changes in water
velocity, and these changes may be large percentages of the velocity
head, but they are still small when expressed as depth changes.
Therefore, to a first approximation, the pressure 1is everywhere
hydrostatic--even when the channel shape is changing. Large variations
in total specific energy are caused by variations of depth.

In supercritical flow, in contrast, the kinetic energy is comparable to,
and often exceeds, the potential energy. Large variations in specific
head (total energy) are caused by changes in the velocity. Curvature in
the boundaries may cause only small dynamic pressures (i.e., changes in
velocity head), but large changes in depth or surface elevation. -

In critical flow, the velocity and potential heads are similar in
magnitude. Slight variations of head cause large variations in both
kinetic and potential energy. Curvature in the channel boundaries
changes the hydrostatic pressure distribution and, produces slight
variations in total emergy. In critical flow, the slight variations in
total energy can cause large depth and velocity disturbances; these are
often manifested by strong undulations in the flow.
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The response of a flow field to an obstacle in the channel or to changes
in channel alignment depends on whether the flow is subcritical or
supercritical. Changes in channel configuration cause subcritical flow
to accelerate or decelerate smoothly--there are no standing waves. Flow
accelerates through constrictions and decelerates through expansions
(Figure 17a). -

Supercritical flow responds to obstacles and channel alignments in a
different way. Disturbances 1n water depth caused by obstacles in the
channel cannot be propagated upstrgfm because the flow velocity, u,
exceeds the critical velocity, (gD)! 2, Standing wave patterns appear
in the flow downstream of the obstacles, and the fluid adjusts to the
obstacles only as it passes through these standing waves (Figure 17b).

The terminology used for waves has evolved to depend on the channel
geometry belng described, and 1is therefore difficult to invoke for
description of waves in rapids where channel geometry is not known.
Some useful terms from hydraulics, however, are:

1. Standing waves: a general term for waves that maintain a fixed
position with respect to the channel.

2. Traveling waves: waves that propagate up and down the channel
as surges.

3. Normal waves: waves that stand perpendicular to the flow.

4. Oblique waves: waves that stand at an inclined angle to the
flow.

5. Positive waves: waves that deflect the flow toward the line of
disturbance and cause a rise in water surface elevation (also
called compression waves). Such waves are associated with
contractions.

6. Negative waves: waves that deflect the flow away from the wave
front and lower the water surface elevation. Such waves are
associated with expansions. Positive and negative waves may
cancel when they intersect.

7. Hydraulic jump: a wave across which the flow changes from
supercritical (fast and shallow) to subcritical (slow and
deep). .

8. Hydraulic drop: a transition region across which the flow
changes from subcritical to critical.

Hydraulic drops and jumps can be caused by a variety of geometric
changes in the channel. A few such changes are illustrated in the parts
of Figure 18. For example, a change in bed slope can cause subcritical
flow to become critical (Figure 18a). Obstacles on the bed change
subcritical flow upstream of the obstacle to critical or supercritical
flow over the obstacle (Figure 18b and c¢), with the formation of a
standing wave ("repelled hydraulic jump") whose position relative to the
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Flgure 17. Comparison of the filow flelds in swcritical and supercritical flow. (a)
(top) Schematic map view of swcritical fiow through a constriction; (bottom) water
surface and veloclty profites (b) Schematic map view of supercriticai flow through
the same constrictlon. (c) water surface, and (d) velocity profiles in the channel
along the paths A-B-C-D, and E-F-G-H. No energy changes assoclated with the
constrictlion, expansion, or bed slope are considered. The entrance and exits of
constrictions, as well as channel roughness, cause drops in the total energy of the
flow; bed slope can, In contrast, Increase the total energy. These energy changes
affect the flow depth and velocity so that proflies in a real fiow are not as simple
as shown here.
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Figure 18, lllustration of some hydraullc features common to flumes and rivers.
(a) A hydraullc drop caused by a steepening of the channel slope (after Bakhmeteff,
1932, pe 8)e The flow changes from swcritical conditions with depth 02, to
supercritical conditions with depth D‘, and passes through critical conditions, D,,
at approximately the Inflection In siopes For the swtle detalls of this transition
and an explanation of the differences between states ¢ and o, see part (g)s (b) A
hydraullc jump ("toe roll") below a welrs In this case, the taliwater is not deep.
The position of the hydraulic jump depends on the depth of the tallwater, being
furthest repeiled In shallower tailwater (solld curve) and moving closer to the vein
as the tailwater depth Increases (dashed llne). (c) When the tailwater Is deep, as
i1lustrated here, the falllng veln Is partially covered by the hydraulic jump. (d),
(e), and (f) Alternate forms of a hydraulic drop (from Ippen, 1951, p, 360) formed at
an arupt drops Notice the different forms of the Jet in (d) and (f)e If the
downstream depth Is less than that required to produce the standing wave In (e), the
pressure on the face of the wave Is determined by the upstream depth, and a wave of
type (d) Is formed. For greater depths, the downstream depth governs the wave
types The conditions for formation of a wave of type (e) must be determined by
experiment. (g) A free overfall, a speclal case of the hydraullc drop (Chow, 1959,
pe 44)s The solid line shows the theoretical water surface. Water flowlng at depth
D2 with energy Ez decreases In depth as the drop Is approached and as energy DE Is
disslpateds Ideally, the criticai depth D_ would be reached at the brink, as shown
by the solid curve; the water shouid not get shallower than this because a further
decrease in depth would resuit In an increase In speciflc energy, which Is Impossible
unless external energy Is supplieds In rivers, however, the assumptions of parallel,
gradually varied flow In the simple energy analysis applled here do not hold, and it
Is found that the calculated depth Dc occurs upstream from the brinkes The depth Do
at the brink Is the true depth of minimum energy, and is typically aout 1/1.4 Dc'
The dashed line shows the actual water surface under these conditions.
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object depends on the downstream hydraulic conditions (the tailwater
depth), and whose wave structure also depends on these parameters
(Figure 18d,e,f). In many rapids obstacles can be so large that water
flowing over them 1s above the base level of the flow. In this
situation air is available as the water descends from the top of the
obstacle back into the flow. The air becomes entrained into the flow
(Figure 18d) or, in some circumstances, the water cavitates.

0f these geometric possibilities, the three most important for analyses
of the rapids are’:

1. changing channel gradient (Figure 18a);
2. changing channel cross section (Figure 17b);
3. submerged obstacles (Figure 18 and 21).

The next sections interpret the major features of rapids in terms of the
hydraulic concepts presented here.

6. Pools and backwaters

For flow with a constant specific head (a restriction that requires
balance of the bed slope by frictional energy dissipation; see Kieffer,
1985, for details), the variation in depth is controlled solely by the
specific discharge (discharge per unit area A of the channel):

q = Q/w.

For a rectangular channel, the area A is equal to the width w times the
depth D. The width of the channel upstream of a rapid in the pool will
be denoted by w,, and the width of the channel at its narrowest point
will be denoted %y Woe
For a given head of the flow, denoted H., where r stands for
"reservoir", the equations above show that the specific discharge, q,
must be less than a limit, Quax> 8iven by:

[aga,/8) = (2/3) U =D = ul/g

1f Q/w, 1is greater than Qpax> the ambient river head, H., is not
sufficient to allow all of the’ﬁischarge through the constricted part of
the rapid. Then H. must be increased by the formation of a backwater to
raise the energy to a new head (the backwater head, Hb):

7 Leopold (1969) recognized four types of waves In the rapids that roughly correspond to
these categories: (a) waves below large rocks and outcrops; (b) deep-water waves caused by
convergences; (c) waves and riffles in shaliow water (inciuding gravel bars and shallow
overbank flow across low-angie debris fans); and, (d) waves In deep, but high-velocity,
water.
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Hy = (3/2)[(Q/wy)2 /g]t /3

The equation above for Qpax then describes the flow if Hr is simply
replaced by Hy.

The only hydraulic analysis done to date for a pool=-rapid pair on the
Colorado River 1is that of Kieffer (1985) for Crystal Rapids. The
observations made on the 11 other rapids during the course of the field
studies reported here suggest that a generalization of the conclusions
from Crystal Rapids to other rapids in the Grand Canyon is warranted
although a hydraulic model that eliminates some of the simplifying
assumptions such as constant specific head and gradually-varied flow is
needed. The reader is referred to Kieffer (1985, Appendix A) for
details of the calculations.

In a channel of the general shape of the Colorado River channel at the
constriction at Crystal Rapids, flow may be entirely subcritical, or
entirely supercritical, or it may change from one state to the other.
The specific discharge, q, will be the greatest at the constriction. If
the specific discharge there 1is less than ¢ X for the available
specific head, and if the flow is subcriticalm?n the pool above the
rapid and in the pool below it, critical conditions will not occur in
the constriction. The subcritical flow of the river above the rapid
accelerates to higher velocities 1in the constriction, and then
decelerates back to greater depths and slower velocities 1in the
diverging part of the chanmel (Figure 17a). Under such conditions, the
"pool" upstream of the rapid is simply a region of lower channel
gradient and slower flow than in the rapid.

On the other hand, if Q/w, is greater than 9pax allowed by the available
head, Hr’ water will pong behind the constriction until a backwater is
formed that just allows Q/w, to equal q % for the backwater head, H,.
The backwater 1is essentially stagnant; the flow accelerates in the
converging part of the channel to «critical conditions in the
constriction. The relative energies of the main channel flow upstream
and downstream of the constriction determine whether the flow will
return along a subcritical or supercritical path. In the case where a
backwater has formed so that the energy of the river downstream, H_, is
less than the energy of the backwater, Hb, the flow will expand
supercritically into the divergence. The return to ambient head is
accomplished through discontinuous transitions--the hydraulic jumps
which occur downstream in the rapid. Under such conditions the pool
upstream of the rapid is a hydraulic backwater.

The pools upstream of rapids are therefore interpreted as backwaters
caused by the constrictions at the rapids. Only for very low discharges
(less than 10,000 cfs), does the normal river energy become adequate to
allow subcritical f£flow through the constrictions. Even at these low
discharges where the converging-diverging geometry itself does not force
supercritical conditions, the drop in elevation of the channel bottom,
and local obstacles in the path of the flow, cause supercritical
conditions. Therefore, there are standing waves in the channel at
nearly all discharges (e.g., see the air photos, such as in Figures 2a,
4, 5, 19a, and 27a). In these, note that the tongue (an indication of
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supercritical flow) is very weak, and that the major standing waves are
associated with obstacles in the bed.

7. The tongue and oblique lateral waves.

Smooth water with nonbreaking waves extends furthest from a pool into a
rapid along the "tongue'--the chute of water bounded by oblique lateral
waves (Figure 1b). The 1length of the tongue and the angle of the
oblique waves change with 1increasing discharge, as expected in
supercritical flow in which the wave behavior is influenced by depth and
flow velocity, which, in turn, depend on discharge. 1 propose that the
flow is supercritical in the region bounded by the top of the tongue and
the oblique lateral waves. From the bottom of the tongue to the
beginning of the tailwaves the flow appears to be a complex mixture of
regions of different Froude number separated by hydraulic jumps--some
regions having Fr>1 and some having Fr<l.

The tongue is the region where flow passes from subcritical conditions
in the backwater (with Froude numbers less than 0.1 as shown in cross
sections V-V° and W-W" of Figure 11) to weakly supercritical
conditions. From the tongue, the flow passes into "fully supercritical"
conditions in the region of breaking waves in the rapid (with Froude
numbers on the order of 2, as shown in cross section Y-Y’ of Fig-
ure 11). Here I use the term "fully supercritical" to mean Fr)>l.7,
where breaking waves become stable in hydraulic jumps (Figure 20).
Changes in wave structure between subcritical flow (with no standing
waves) and "fully supercritical flow" with noticeable standing waves
occur over a range of Froude numbers often cited as between 1 and 1.7
(Figure 20)8. It is important to note here that Froude numbers greater
than about 2.0 are required for the formation of strong hydraulic
jumps. At Froude numbers between about 2.5 and 4.5 the jump tends to be
oscillatory, because the entering supercritical water "“flaps" in a
vertical plane (Figure 20c). Froude numbers of about 2-3 are calculated

s There Is a well-known analogy between shalliow-water fiow and flow of a gas through

nozzless In this analogy, sub-critical shallow-water flow Is analgous to subsonic flow;
supercritical flow Is analagous to supersonic fiow; and critical conditions are analagous
to transonic conditlons. The critical veiocity of shallow-water fiow Is analagous to the
sound speed of the gas. An Important aspect to be noted here Is that In supersonic gas
flow through a convergling-diverging nozzle (the so-called Laval nozzle), flow In the
diverging section, and in the gas jet emerging into the atmosphere outside the nozzle, is
a complex mixture of subsonlc and supersonic fliow reglons, separated by shock waves which
locally decelerate the flow from supersonic to subsonic conditlions. Because of the non-
linearity of flow flelds in which the driving pressure Is much higher than the reservoir
pressure, there is a compiex mixture of swsonic and supersonic flow flelds In a zone that
is typicalily many nozzle dlameters in extent. Likewise, in shallow-water flow through a
constriction, local transitions back and forth between supercritical and subcritical flow
across hydraulic jumps cause complex flow flelds for many channel widths downstream of a
constrictions The excess energy of the backwater Is dissipated across the complex system
of oblique and norma!l hydraullic jJumps that occur within this reglion (as well as by
boundary !ayer and interna! fiuld dissipation).
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for places in the rapids, and it may be the instability of the jet of
water that enters the hydraulic jumps that gives rise to the pulsating
phenomena reported by boatmen to be important in determining the success
of their navigation through the rapids.

several pieces of data obtained in this study suggest that this
interpretation of the tongue is plausible: (1) the relative depths of
the backwaters and tongues; (2) Froude numbers calculated from measured
velocities on the tongue; (3) the form of the waves on the tongue; and
(4) the angle of the oblique waves from the shore and the change of this
angle with changing discharge.

Firét, recall that the critical depth (where Fr=1) is related to the
backwater depth by the simple relation

D, = 2/3H

The fathometer data show that the channel bottom begins to rise under
the water surface upstream of the tongue. As summarized in Figure 14,
to first order, the oblique lateral waves that bound the tongue detach
from the shore when the water depth 1s approximately 2/3 of the
backwater depth [e.g., under the conditions shown in Figure 14 a typical
backwater depth is 30 ft (9 m), and a typical depth at the top of the
tongue is 20 ft (6 m)].

On the tongue, the measured Froude numbers are, to within the
uncertainty of the field measurements, unity. For example, as shown in
cross section X-X’ of Figure 11, at House Rock Rapids, Fr=l.1 on the
tongue.

The nonbreaking rollers that occur on the tongue are plausibly
interpreted as an undular jump, the type of hydraulic jump that forms
when the Froude number is just slightly greater than 1 (Figure 20). The
oblique waves (laterals) that bound the tongue are interpreted as
oblique hydraulic jumps.

The oblique waves bounding the tongue have the following
characteristics: (1) They emerge from the shoreline approximately at
the beginning of the lateral contraction (Figure 2b, for example), but
well downstream of the point where the channel becomes shallower due to
the underwater extension of the debris fans in the upstream direction
(Figure 14). (2) They emerge from the shore at an angle approaching
90°--that 1is, nearly perpendicular to the current--and then curve
downstream as they project into the flow. Their amplitude increases in
the downstream direction.

The angle, B, that waves in supercritical flow make with the downstream
flow direction is approximately

B ~ sin~! [(gD)!/2/u] ~ sinl (1/Fr) (B is defined in Figure 17.)

At Fr=l, the waves (of infinitesimal amplitude) would stand
perpendicular to the flow (8=90°). With increasing Froude number, the
waves become stronger and more aligned with the flow direction. For
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example, at Fr=1.1, B=65°;, at Fr=1.5, B=42°; and at Fr=1.7, B=36°. At
Crystal Rapids, B changes from approximately 40° at 5,000 cfs (in 1984
with a channel geometry that postdates the 1983 erosional changes
discussed below), to 18° at 30,000 cfs (also in 1984), to 10° at
92,000 cfs (at the peak discharges of 1983). The Froude numbers implied
by these angles are 1.5 at 5,000 cfs, 3.9 at 30,000 cfs, and 5.8 at
92,000 cfs. These values 1indicate weakly supercritical flow at
5,000 cfs, and more strongly supercritical flow at the higher
discharges, and are consistent with the fact that strong waves are
observed in Crystal Rapids at the higher discharges.

At House Rock Rapids, at 5000 cfs (Figure 10), the wave angle becomes
about 35°, indicating a Froude number of about 1.7. As shown in Fig-
ures 10a and 10b, the wave angle at House Rock decreases as the
discharge changes from 5,000 to 30,000 cfs, indicating that the flow is
becoming 1less supercritical with increasing discharge. This 1is
consistent with the fact that at discharges above 30,000 cfs there are
almost no waves in House Rock Rapids. The hydraulic geometry of the
channel changes with discharge in a way that permits the flow to become
subcritical at discharges greater than about 30,000 cfs.

The four types of observations cited here (the relative depths of the
backwater and tongue; Froude numbers calculated from measured velocities
and discharges; the undular wave forms; and the angles of the oblique
waves) suggest that the boundaries of the tongue are oblique hydraulic
jumps, and that the nonbreaking rollers on the tongue can be interpreted
as an undular jump.

8. The Breaking Waves Below the Tongue

Between the downstream end of the tongue and the beginning of the
tailwaves at the end of the rapid, there is typically a region (roughly
100 m in length) of strongly breaking waves. The breaking waves are
within the most highly constricted part of the channel (e.g., note their
position in Figure 5 of Deubendorff Rapids at 5,000 cfs discharge; in
Figure 10a and 10b of House Rock Rapids at 5,000 and 30,000 cfs
discharges; and in Figure 12 of Horn Rapids at 17,000 cfs discharge)?d.

9
Note here the distinction between the breaking waves that occur Immediately downstream

of the tongue of the raplids, and the ™tallwaves" that occur In the diverging part of the
channei In the "runout® of the rapid Into the taiiwater at ambient downstream
conditionse The transition between the two types of waves can be gradual--for example, in
a weakly supercritical rapid at low discharge--but may sometimes be dramatic If the region
of critical and supercritical fiow In the top part of the rapid Is separated from the
reglon of subcritical flow at the lower end of the rapid by a strong hydraulic jump. The
detalied configuration of oblique and norma! hydrauilc jumps appears to have not been
mapped out in detali but, by analogy to gas dynamics fiow flelds, It seems iikely that a
strong hydraulic jump wil! not stand normal to the flow until the Froude number exceeds
about 2. At iower Froude numbers, the transition from supercritical flow to suberitical

tflow will take place through a serles of crossing (oblique) hydraullc jumps, of the kind
seen In most rapids.
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These waves are here interpreted as crossing lateral waves reflected
from the sides of the channel (refer to Figure 17b) and hydraulic jumps
required to match the supercritical flow to the downstream tailwater
conditions. Both positive and negative waves can be generated in a
rapid, depending on the details of the convergence, divergence, and
river curvature. The waves have their greatest amplitude where positive
hydraulic jumps intersect, and "haystacks" mark these points. Boulders
commonly, but not always, are found in association with the haystacks.

Breaking waves indicate fairly high Froude numbers (refer to Fig-
ure 20). River runners have often noticed surging and pulsing in these
waves. Strong surges may indicate the oscillating jet conditions shown
in Figure 20c, but no data are directly available to support this
speculation.

The Colorado River rarely displays hydraulic jumps of textbook
simplicity. A primary reason for the complexity of the wave patterns is
the complexity of the channel geometry that disturbs regular wave
patterns, Second, where large boulders are associated with the waves
they change the local energy of the flow and disturb the hydraulic
patterns. Finally, at individual hydraulic jumps two other effects
become important: vertical accelerations of the fluid and boundary layer
irregularities (Ippen and Dawson, 1949, p. 339).

Basic, two-dimensional theory predicts hydraulic jumps with vertical
fronts (i.e., negligible thickness of transition), and constant depths
in front of and behind the jumps (as shown in Figure 20f, dashed
line). Typically the observed waves have either gently sloping fronts
(as in the case of a weak jump, Figure 20a), or fronts that overturn
with breaking of the wave crest and formation of surface rollers. The
steep fronts cause high vertical accelerations, not accounted for in the
theory that assumes hydrostatic pressure distribution in calculation of
the height of the wave front. Thus, actual wave fronts tend to be
higher than predicted by simple theory, and there is a finite length of
transition between sub- and super-critical flow. This length is the
distance for the streamlines to become parallel to the channel bottom.
The boundary layer of the flow also thickens under the wave front
because of the low momentum and adverse pressure gradient there. The
thickened boundary layer mimics an obstacle on the channel bottom. The
magnitude of this effect is not known. Photographs of a spectacular
hydraulic jump of complex geometry in Crystal Rapids in 1983 can be
found in Kieffer (1985).

An important aspect of the strongly breaking waves is their foaming and
entrainment of air. This plays a significant role in energy dissipation
in the wave, e.g., can account for several tens of percent to nearly all
of the required energy loss in the jump (Lighthill, 1978).
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9. Tailwaves and Eddies

The above discussion demonstrates that flow is generally supercritical
in the narrowest part of a rapid. The waves (oblique and normal
hydraulic jumps) extending from the oblique waves at the top of the
rapid through the breaking waves below the tongue dissipate energy from
the flow and bring it back toward the subcritical tailwater conditions
downstream. Under certain conditions, e.g., as at Crystal Rapids in
1983, and perhaps as at House Rock Rapids at low discharges, a rather
large hydraulic jump approximately normal to the flow direction
accomplishes much of the matching to tailwater conditions. The data on
House Rock Rapids (Figures 10d and 11) suggest that the jet that emerges
below the constriction is approximately critical, Fr~l.

Channel expansions below a rapid are typically very sudden, and the flow
streamlines generally do not follow the channel boundary curvatures.
There is thus a separation surface between the "jet" that emerges from
the constricted part of a rapid and recirculating flow in an eddy (a
schematic illustration of the jet structure is shown in Figure 21). The
relations between the jet, eddy, and beaches are documented by Schmidt
and Graf (GCES, 1987). The separation surfaces between the flow and the
eddies act as solid boundaries which can further constrict the emerging
jet, in spite of the dramatic apparent enlargement of the channel. The
strong "eddy fence'" between the jet and the Slate Creek eddy at Crystal
Rapids (Figure 22) may be an illustration of an instance where flow is
reflected off of the boundary between a jet and an eddy; this eddy fence
reached 3-4 m in height during the 92,000 cfs discharges.

The shape of the jet in the tailwater cannot be accurately predicted
with available data, but laboratory data (Rouse, Bhoota, and
Hsu, 1951) suggest that the jet will maintain constant diameter until
it 1is several constriction diameters downstream (e.g., for a Froude
number of 2, an ideal laboratory jet would maintain constant diameter
for roughly 3 constriction diameters downstream). This is roughly the
length of the region in which tailwaves are observed downstream of
constrictions in rapids. In this region, the jet velocity appears to
stay constant (Figures 10d, 12, and 13).

The length of the jet and its orientation change with discharge. This
is shown dramatically at 24.5-Mile Rapids (Figure 23), as well as at
Granite Rapids (Figures 2a and 2b).
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Figure 21. Jllustration of the structure of a supercriticat Jjet emerging from a
constriction. From Chow (1959, p. 471; originally from Homma and Shima, 1952).
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Figure 24. Mixing of jet and eddy water along the separation zone between these two
regionss From Landau and Lifschitz, 1959, p. 131.
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10. The Minor Effects—River Curvature

River curvature affects supercritical flow in much the same way that
contraction and expansion of the channel affect the flow: it induces
standing cross-wave patterns. Additionally, the curvature induces
superelevation of the flow on the outside of the bend. An excellent
discussion of these effects can be found in Chow (1959, p. 448).

The curvature influences measured velocities at House Rock Rapids. 1In
the fastest part of the rapid, the flow velocities are systematically
highest on the outside of the bend (Figure 10d).

The two walls of a curving channel do not act equally on all streamlines
of the flow field. The outer wall turns in toward the flow, producing
oblique hydraulic jumps (positive waves). The inner wall, turning away
from the flow produces oblique expansion waves (which are not jumps,
however). The disturbance lines thus produced by both walls reflect
back and forth across the flow for a considerable distance downstream,
causing a pattern of cross-waves (Figure 25). One of the most strongly
curved rapids on the river is 209-Mile Rapids. The tongue of this rapid
shows a unique set of cross-waves of several meters wavelength (Fig-
ure 26a). It is intriguing to speculate that these waves arise from the
curvature of the river. The wavelength of cross~-waves caused by
curvature can be estimated to be A=2w/tan B, where w is the width of the
channel at the constriction, and B is the wave angle related to Froude
number defined above. Note that if the Froude number is near 1, tan B
varies dramatically (from « toward lower values) and there is therefore
very large uncertainty in this calculation. Assuming that w=5 m and
that Fr=l.l1 (so that tan B=2.2), the wavelength for waves arising from
river curvature is about 4.5 m (note that it is independent of the
radius of curvature). The wave amplitude is given by a=u2w/2rcg, and
does depend on river curvature, r_. For a velocity of 3 m/s, and a
radius of curvature of 25 m (estimated from Figure 26b), the peak
amplitude of waves caused by river curvature is about 0.1 m (i.e., a few
inches). The calculated and observe wavelengths and amplitudes agree
within an order of magnitude and, while this is not a compelling
argument for the interpretation of the cross-waves at 209-Mile Rapids as
arising from river curvature, but suggests that the idea is plausible.



48

Flgure 25. Cross-waves formed by curvature of a channel.s From Chow (1959).
width is w; the entering fiow velocity Is u.
Froude number, as dliscussed in the text.
circular arc of radlus, r_.

The channel
The wave angle Is determined by the
the river curvature Is approximated by a

Cross-waves of maximum and minimum amplitude, max and
min, occur as showne See text for discussion and symbol notation.
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11. Large Rocks in the Rapids

Most rapids have at least a few large boulders that present individual,
sometimes formidable, obstacles. Some rapids are notoriously rocky at
low discharges (Hance, Horn Creek, Deubendorff). The response of the
river to an obstacle depends on whether the obstacle is in a subcritical
flow region or a supercritical flow region (Figure 27).

If the flow 1is subcritical as it approaches the obstacle, and if it
remains subcritical while flowing over the obstacle (that is, if the
flow is deep), the upstream flow can adjust to the presence of the
obstacle and diverge smoothly around it. The upstream flow "knows" of
the presence of the obstacle because gravity waves driven by the water
depth changes ?tound the obstacle can propagate from the obstacle with a
velocity (gD)! 2 that is greater than the flow velocity u. The size of
the upstream region that is influenced can be many times the size of the
perturbing obstacle. In principle, the flow would adjust smoothly to
the presence of the obstacle everywhere; in practice, because of the
viscosity of the water and the shear stresses that it can support, an
eddy (a zone of recirculation) typically forms downstream of the
obstacle (see Figures 6a and b). The '"horseshoe vortices" that wrap
around the obstacle usually cause both upstream and downstream scouring
in an erodible channel. In extreme cases, the vortices form a cushion
of water in front of the rock (e.g., at Lava, see the rock on the lower
right side of the river illustrated in Figures 13a and b).

At a discharge that just submerges the obstacle, the water that flows
over the top of it becomes supercritical because the upstream velocity
is nearly maintained, but the water becomes shallow (Figure 27). The
flow returns to subcritical conditions through a hydraulic jump, which
is the wave associated with the rock. The height of the jump depends on
the Froude number of the flow over the top of the rock. As discharge
increases, the Froude number decreases because the depth of the water
over the rock increases rapidly with discharge, whereas the velocity
remalns approximately constant or increases only slowly. At the
discharge at which the Froude number returns to unity, flow over the
rock returns to subcritical conditions, and the wave disappears ("washes
out").

The behavior of waves around rocks embedded entirely in supercritical
flow is more complex, because depth changes with discharge are less
easily predicted. The most common occurrence of rocks in supercritical
flow is near a shore where the flow maintains nearly the velocity of the
main current, but becomes shallow. Many of the boulders show prominent
V-shaped wakes typical of supercritical flow (see Figure 10a). When
discharge increases to permit a stage sufficiently deep for subcritical
flow, the wakes disappear.



51

PLAN VIEW CROSS SECTION

(3)

S Fr<i Fr>1

/ o (2) HJ
1

|
N

Fr<i

Figure 27. Schematic Illustration of the response of a river to an obstacle on the bed
when the flow changes from supercritical [(1) and (2)), to subcritical (3) as
discharge Increases. Fr refers to the Froude number; HJ indlcates a hydraullc jump.

12. Movement of the boulders and contouring of the channel

The flow of water over a particulate surface can cause movement of
particles by a variety of mechanisms: suspension and bed-load transport
being the most commonly used terms (see Vanoni, 1975 for a comprehensive
review of this subject). An excellent description of sediment transport
through the Grand Canyon can be found in Howard and Dolan (1981).

The sedimentary material in the Colorado River bed consists of three
ma jor components: (1) alluvial fan deposits from tributaries (mud
flows, debris flows, flood deposits) and talus/colluvium from steep
canyon walls; (2) fine-grained sand and silt derived by reworking of the
finer fraction of these deposits; and (3) cobble bars and rock gardens
formed by the reworking of the coarser components of (l1). The finer-
grained material is mobile during even low stages of the river--for
example, 1t moves during even the relatively small annual floods.
Coarser debris may only move at rare peak floods. For example, the
cobble bar at mile 209 was obviously emplaced at a discharge in excess
of 100,000 cfs because it was not even submerged during the 1983 dis-
charge of 92,000 cfs. Cobble bars are present 1in reaches where the
width of the river is substantially greater than average because the
flow loses its competence where the channel widens, e.g., they can be
found downstream of the narrow section of a rapid where the river widens
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and on the inside bends of broadly curving rapids. Some rocks and
boulders may not be mobile at all, but may remain as a veneer of
boulders on the bed at the debris fan (Howard and Dolan, 1981). Rocks
between cobble size and the immobile size for a given location can be
transported downstream short distances from the rapids in the expanding
section, forming rock gardens.

This report focuses specifically on the relatively immobile boulders and
rock gardens. No quantitative modelling has been done of the hydraulics
of rapids in the Grand Canyon, except the work of Kieffer (1985) on
Crystal Rapids. However, Graf (1979, 1980) analyzed the stability of
boulders in the Green River and concluded that the largest boulders were
stable and could not be moved during even the largest floods; by
analogy, other authors have concluded that large boulders are also
stable in the rapids in the Grand Canyon. The Colorado River in the
Grand Canyon is capable of moving boulders comparable to those moved
during the largest floods that are known from paleohydraulic
reconstruction techniques (Baker, 1973; 1984).

Although there has been much documentation of the transportation of
sediment past the gaging stations at Lee’s Ferry and Grand Canyon
(Bright Angel), as well as new measurements at the Little Colorado
River, National Canyon, and Diamond Creek during the Glen Canyon
Environmental Studies, little 1is known about the mobility of 1large
particles in the wvicinity of the rapids. The size and amount of
material transported are positively related to water velocity, depth,
and, therefore, discharge. The capability of the river to clear out
debris fan material emplaced in the channel is therefore proportional to
discharge and, within a rapid, to local variations in velocity and their
changes as discharge changes.

One of the criteria available for the tramsport of large boulders is the
Hjulstrom criterion, which relates water velocity to the size of the
largest boulders that can be transported (Figure 28). Water-surface
velocities of up to 7.5 m/s have been measured in this study, and
velocities approaching 10 m/s are conceivable in rapids (Kieffer, 1975)
at high discharges. From the Hjulstrom criterion shown in Figure 28, it
can be seen that a velocity of 6 m/s would be capable of eroding a 0.5 m
boulder (the upper curve) and could transport material out to 1-2 m
diameter (the lower curve); these values depend on how the Hjulstrom
curves are extrapolated. From the same figure, it can be seen that the
Colorado River in full flood with a velocity of 9 m/s [as measured at
Crystal Rapids in 1983, (Kieffer, 1983)] is capable of moving boulders
of several meters diameter (in those places within rapids where the
highest velocities are obtained). Surface float velocities of the
magnitudes measured may indicate average fluid velocities that are
10-25% greater, i.e., 6-8 m/s at 5,000 cfs discharge. Referring to the
Hjulstrom diagram, we can then conclude that the main channel of the
river where these velocities are obtained is efficiently cleared of
material up to about 1-2 m in size at discharges even at the lower end
of the range of the Glen Canyon Dam generators (order of 10,000 cfs).
Field studies, such as those that produced the lower zone of transport
criteria in Figure 28, suggest that particle motion in natural rivers
may begin at appreciably lower velocities.
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A second criterion for boulder transport is the concept of unit stream
power, originally introduced by Bagnold (1966) and recently applied to
paleohydrogeologic problems by O‘Conner et al (1986). The unit stream
power is the stream power (rate of energy expenditure) per unit
area, w. It was originally defined by Bagnold (1966) as

w = QS¢/w = tu

where vy is the specific weight of the fluid, Q is the discharge (that
component carried in the main channel), S:. is the friction slope, 1 is
the total channel shear, w is channel width, and u is the mean channel
velocity. A more convenient form of this equation is (0’Conner et al.,
1986):

w =yr2ud /RL/3

where n is the Manning coefficient of roughness and R is the hydraulic
radius of the channel (taken to be the main channel flow area divided by
the immobile surface bounding it; the boundary between main channel flow
is taken to be frictionless). Yy 1is assumed to be 9800 N/m® (clear
water).

For example, at House Rock Rapids at 5,000 cfs discharge with an average
velocity of 6.5 m/s and a depth (~hydraulic radius) of 1 m in the
narrowest part of the rapid, the unit stream power is 3300 N/m/s.
Available relations between unit stream power and sediment-transport
relationships (from Williams, 1983; summarized in O’Conner et al., 1986,
Figure 9) suggest that a river with this unit stream power could
transport boulders up to approximately 2 m diameter. This conclusion is
in good agreement with the inferences from the extrapolated Hjulstrom
diagram.

Evidence that the Colorado has transported boulders of this size is
preserved in the size distribution of boulders remaining as lag on the
debris fans where they have been covered by the river at different
discharges (Figure 29; 12 parts shown in order of dowstream occurrence
of the rapids). These measurements show that most debris fans are
depleted in boulders less than 0.5-1 m diameter even up to the elevation
on the debris fans that correspond to the 92,000 cfs dischargel®.

10 In contrast, many small cobbles and rocks are present above the 92,000 cfs shoreline in
some places, particularly on talus slopes (e.gs, on the right bank of Hermit Rapids).
Since large, long-duration floods of more than 200,000 cfs and, plausibly, more than
300,000 cts, have been recorded with some certalnty, this observation suggests that the
slopes in these regions are sufficiently mobile on a time scale of decades to replace the
smaller particles by down-siope movement. At Hermit Rapids this abservation is supported
by a second observation. Orittwood can be found about 2 m higher than the driftwood
deposited at the 92,000 cfs flow in 1983, This driftwood presumeably was deposited during
the 1957 flood of 125,000 cfse It is, in most places, covered by talus that has migrated
downslope since 1957,
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Figure 28, Summary of the relations between stream veloclty and slze of movelable
boulders. The area on top represents the Hjulstrom criterlon (Hjulstrom, 1935; as
reported In Strand, 1986), extrapolated beyond particle diameters of 50 mme The
Hjulstrom criterlon Is for particles in a unlform bed. Bed roughness and particle
shape appear to cause particles to move at lower velocitiess The lower stlpled area
represents criterla developed by Helley (1969).

Figure 29 (on next two pages)s. Size distribution of large particles measured at the
places Indlcated at raplds. The twelve graphs are arranged in the order that the
rapids occur along the river (see Figure 1)s Elves Chasm » not on that map, occurs
between Crystal Rapids and Deubendorff Rapids. The ordlnate, y, s the per cent of
particles smaller than the given (intermediate) diameter. The horizontal line In

each part Is to gulde the reader's eye to the median diameter of the particles at the
rapid,



Figure 29, part 1 of 2.
(Figure caption Is on previous page.)

(A) Boulder Size Distribution at House Rock Rapids
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(3) Boulder Size Distributians: 14.5-Milo Rapids
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Figure 29, part 2 of 2.

(Figure caption precedes part | of this figure,)

(G) Boulder Distridutions: Rermit Rapids-North
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If a debris fan had a wide variety of particle sizes when it was
emplaced (i.e., were unsorted), and if it were not graded in size
laterally, then erosion of this fan by a large flood would be expected
to remove larger particles low on the fan (where the flow is deepest and
fastest), and to remove progressively smaller particles higher on the
" fan. The size distributions measured on the north and south banks of
Hermit Rapids, at Bright Angel Rapids, and on the debris fan from
Galloway Canyon at Deubendorff Rapids (refer to Figure 29 for data
mentioned in this discussion) are consistent with such a simple
emplacement and erosion model.

However, the boulder size distributions on the other debris fans are
rarely as simple as this model suggests. The complexities appear
because the initial particle size distributions are not known and the
size distributions of the particles are not produced simply by erosion,
but by a combination of erosion and replacement of material by
deposition.

In the following discussion, the median size of material on a debris fan
is used as a measure of the particle size. Each graph in Figure 29 has
a horizontal line at the 50% level of size distribution to guide the
reader’s eye to the median size<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>